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Abstract 
The study investigated the response of steel-concrete composite panels subjected to air-blast loading. The composite panels 
consist of fiber-reinforced high-strength concrete on the incident face, together with a specially configured steel sandwich as the 
distal layer, which functions to dissipate the imparted blast energy. The performance of the novel composite panel is compared to 
a conventional steel concrete steel (SCS) panel and an ordinary reinforced concrete panel. The dynamic response of the 
composite panel is obtained numerically using finite element analysis adopting a simplified modeling approach. Parametric 
studies are carried out by varying the charge weight, the concrete type, and a number of steel sandwich core structures. 
Furthermore, the energy absorption capacity is found by calculating the area under the resistance-deflection curve of the 
proposed composite panel. The relationship between the steel sandwich core structure and the energy absorption capacity, as well 
as the core design and total panel deflection subjected to various blast charges, are then derived. The combination of fiber 
reinforced high-strength concrete and cellular steel sandwich demonstrated good potential for use as blast mitigation panel due to 
the high weight-to-performance ratio and the high energy absorption properties of the composite system. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Blast incidents are often not accounted for in building designs due to their rare occurrence, the difficulty in threat 
quantification, and the high cost involved. While highly protective structures are usually very expensive to build, 
there exist some mitigation strategies to provide protection upgrades and to lessen the consequences of such 
incidents. Physical barriers to restrict vehicle access, an open building layout to channel the blast pressure, or the 
installation of protective sacrificial cladding to divert the damage from important building components are a few 
examples. The last has several advantages in application flexibility and reparability. As a solution to balance the cost 
and performance of a sacrificial cladding system, a composite panel is usually chosen as it can deliver better 
performance by capitalizing on the advantages of the constituent materials. 
There are many types of composite panels being researched for element protection and retrofitting in buildings 
and structures. A few examples are polymers, ceramic plating, and carbon nanotube sheets. However, for ordinary 
buildings, the cost of fabrication is one of the main factors; hence, the composite panel should be easy to fabricate 
using the more commonly used structural materials such as steel and concrete. Metal sandwich panels and steel 
concrete composites are the two types of composite panel that show good potential for use as blast protective panels. 
Metal air sandwich panels or cellular metal panels are commonly used in lightweight construction. This 
composite panel system is made using a structured metal core sandwiched between two metal plates that give high 
stiffness with a minimum use of material (Fig. 1b). Guruprasad and Mukherjee [1] carried out an experimental and 
numerical analysis on the behaviour of layered steel sandwich panel subjected to blast loading and found that the 
impulse transfer was reduced substantially at the base of the cladding. The imparted energy was absorbed through 
core steel plastic deformation. The results suggest that such steel sandwich panels may be very efficient in 
dissipating blasts. In accordance with their findings, the study by [2] also concluded that the well-designed sandwich 
plates can sustain significantly larger blast impulses compared to solid plates of the same weight. 
 
Fig. 1. (a) Typical structure of SCS; (b) cellular sandwich panel. 
An SCS (Steel-Concrete-Steel) is a panel with a concrete core encased between two solid steel plates (See Fig. 
1a). It has evolved from earlier applications as tunnel and roadway slabs to protective panels and lightweight ship 
hull structures. Bi-Steel, one example of SCS products, employs the automated friction welding of transverse bars at 
a certain spacing to form a steel sandwich [3]. Due to this fabrication technique, Bi-Steel has limitations arising 
from its minimum thickness of 200 mm. To overcome this limitation, a new type of SCS panel was proposed by [4] 
by utilizing J-hook connectors. It was found that the J-hook connectors can effectively ensure composite action and 
prevent the separation of steel face plates under extreme loadings [4,5]. In their study, the influence of the concrete 
type on the panel performance was investigated by utilizing normal strength concrete (NSC), lightweight aggregate 
concrete (LWAC) and high-strength concrete (HSC). They concluded that HSC did not improve the structural 
performance due to its inherent brittleness. Although the new connector design simplifies the fabrication process, it 
still requires a minimum steel plate thickness for proper welding and to ensure a good connection between the two 
face plates. 
The other type of steel composite structures, for example a steel stud wall system, has also been studied as a 
potential blast mitigation composite panel. Grumbach [6] tested a combination of precast concrete panel and steel 
stud wall subjected to blast loading. The front layer (incident face) of precast concrete acts as the blast receptor face 
and the steel stud construction is designed to perform both as an energy absorber and supporting structure. The aim 
(a) (b) 
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is to increase ductility and enhance integrity. The steel stud wall sustained substantial plastic deformation when 
absorbing the blast pressure energy. It was found that the composite system performed well as protection for exterior 
walls of buildings. Although the steel stud wall system seems viable as a means of enhancing exterior wall blast 
protection [7], the connection system seems to suffer great damage upon exposure to blast loading. 
Besides the steel, the concrete material also has a significant contribution in determining the panel’s 
performance. Previous studies concluded that HSC is too brittle to achieve its full strength potential [5,8]. The 
incorporation of fibre is a good way to overcome the brittleness of plain HSC. Fibre reinforced concrete may be 
defined as composites of concrete with the incorporation of discrete, discontinuous fibre. In ordinary concrete, 
strength will decrease abruptly when initial cracking occurs. The weakest link is usually at the interfacial transition 
zone (ITZ) or at the interface between the aggregate and cement matrix [9]. By introducing fibre into the mixture, 
such cracks may be bridged, limiting further propagation, leading to a higher post-crack ductility and greater 
residual capacity. In this study, 0.5% steel fibre was added to the concrete in the FRHSC panels. 
 
Fig. 2. Proposed concrete-cellular steel sandwich composite panel. 
The composite panels in this study (Fig. 2) combine the cellular steel sandwich panel with fibre reinforced high-
strength concrete (FRHSC) as an energy absorption sandwich panel (EASP). The cellular steel sandwich panel is 
utilized as the base layer to resist most of the tension forces and provides the necessary energy dissipation 
mechanism through plastic buckling of the core structure. The high-ductility-high-strength concrete is utilized as the 
incident face layer that receives the blast shock and imparts high stiffness properties to the panel. Two types of core 
structure were studied: Type 1, a flexible core, and Type 2, which has a stiffer core. The performance will be 
compared in terms of maximum deflection and energy absorption capacity. The panel uses a 50 mm thick cellular 
steel sandwich panel and a 60 mm thick FRHSC layer with protruding steel plates welded at the interior interface 
with the steel plate (see Fig. 3) to achieve the double layer composite panel. These combinations are expected to 
give better performance and higher material efficiency for use as a blast mitigation panel. 
 
 
Fig. 3. (a) Protruding steel plates welded to the steel interface; (b) section of steel sandwich core design (dimension in mm). 
(a) (b) 
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In view of the advantages of the proposed composite panel, the main objective of the present research is to 
develop a suitable panel design for use as secondary protection or sacrificial cladding against extreme loads such as 
blasts. The focus of the study is on the blast performance of the composite panels compared to ordinary reinforced 
concrete panels and SCS Bi-Steel systems. The structural performance with various concrete strengths, core steel 
design and blast charges are presented, based on numerical simulations. Several parameters including maximum 
displacement, damage level and energy absorption level were investigated and reported. Due to time constraints, the 
results of the on-going experimental program will not be included in this paper. 
2. Numerical simulation 
The numerical study was carried out using LS-DYNA explicit software. The models were developed in LS-
Prepost software. The concrete was modelled using rectangular 8-node solid elements with a 5mm mesh size, rebar 
as truss beam elements, and steel plates as thick shell elements. The interface between the concrete and steel element 
was idealized with full connectivity between common nodes. Both support ends were fixed. Langrangian approach 
is used with empirically computed air blast pressure loading from CONWEP data (referred to as LBE or Load Blast 
Enhanced). 
The blast loading parameters are primarily dependent on the amount of energy released through explosive 
detonation and the distance of the observed structure or element from the explosion. Hence it can be defined by two 
important elements: the charge weight (W) and the standoff distance (R), or the length from the centre of a spherical 
charge. From the two inputs, a function of the dimensional distance parameter or scaled distance can be formed as Z 
= R/W1/3 using the Hopkinson-Cranz approach. The scaling law provides a parametric correlation between different 
explosive weights and distances. The loadings in the parametric study ranging from 2.5 to 15 kg with a 0.5 m 
standoff distance (SoD) resulted in Z values of 0.37 to 0.2. The computed pressure was directly applied to the 
Lagrangian elements. The LBE method is chosen based on the lowest total CPU time and fewer number of elements, 
which excels at the proposed loading set-up of close-in blasts [10].  
Four types of panels were tested: EASP1, EASP2, SCS and RC. The dimensions of both EASP 1&2 are 800 mm 
×300 mm × 114 mm with a 50 mm thick steel sandwich layer that utilized 2 mm steel plates and a 60 mm thick 
concrete topping reinforced with R8 100 mm × 100 mm rebar mesh. The interface between both layers used 
protruding welded steel plates connected to the rebar. Side plates are fabricated to cover the sides of the panels and 
provide fixing arrangements or fixtures at the supports. The details of the core structure design are given in Figure 4.  
SCS panel is modelled after Bi-Steel panels with Ø10 mm transverse bars welded to the top and bottom plates. 
The total volumes of concrete and steel materials used were equalized to the EASP panels. Hence, 4 mm thick steel 
plates are used, giving a total dimension of 800 mm × 300 mm × 68 mm. 
The RC panel dimension is 800 mm ×300 mm ×110 mm with 3T20 tension rebar providing an equal tension 
capacity vis-à-vis the EASP and 3T13 as compression rebar. The concrete and steel properties used in the numerical 
simulation were based on experimentally calibrated values. 
2.1. Material Model 
The concrete material properties are presented in Table 1. The Karagozian and Case (K & C) Concrete Model 
Release III (MAT72R3) was adopted to model the FRHSC and HSC constitutive behaviour. The KCC model is 
proven to be suitable for quasi-static, blast and impact loads [11]. The model features automatic parameter 
generation that was used by inputting concrete mass density (RO), Poisson’s ratio (PR), unconfined compression 
strength in negative format (A0), and values of RSIZE and UCF according to the units used. 
The calibration procedure of the KCC model involves changing of the b1 and b2 parameters which are directly 
correlated to the compression and tension fracture energy of concrete. Single element tests in accordance with mesh-
size used was first simulated with the default parameters. The area under the post-peak portion of the stress-strain 
curves are then computed and compared to the experimental stress-strain curve. The calibration involves several 
iterations to equalize the area and the resultant was utilized as the input for the relevant material data. 
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Table 1.Concrete material properties 
Properties FRHSC HSC 
Density (kg/m3) 2480 2450 
f’c (MPa) 124 106 
Young’s modulus (GPa) 51.6 48.7 
Poisson ratio 0.2 0.2 
 
MAT3 Plastic Kinematic is used for the steel materials based on coupon and rebar tension test results. The steel 
property details are shown in Table 2. The strain rate effect is added into the model via the dynamic increase factor 
(DIF). The steel DIF is determined by scaling the yield stresses with a factor using the Cowper-Symonds relation 
[12]. This relation represents a rigid, perfectly plastic material with dynamic yield or flow stress that depends on the 
strain rate. D and q are material constants where D represents a characteristic strain rate at which 2d sV V and the 
constant q is a measure of the rate sensitivity of the material [13]. The value of D and q for mild steel are 40.4 and 5 
respectively. The dynamic yield stress to static yield stress ratio is: 
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Table 2.  Steel material properties for FE model 
Steel  σy MPa 
σu 
MPa 
Etan 
GPa 
T20 495 596 1.755 
T13  562 665 1.610 
R8  495 596 3.765 
2mm Plate 244 316 0.965 
The compression DIF of concrete have been widely investigated using Split Hopkinson Pressure Bars (SHPB) 
equipment. The most commonly used dynamic increase factor (DIF) for compressive strength ( 'f cDIF ) is given in 
the code by Comite Euro-international du Beton (CEB 1993) as shown in Eq. (2): 
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Where ε = strain rate (in the range from 3x10-6 to 300 s-1); sH = quasi static strain rate = 30x10-6 s-1; 
Log J = 6.156D -2;D = 1/ (5 9 ' )c cof f ; cof = 10 MPa. 
The CEB code also gives DIF equations for tension under strain rates up to 300s-1. However, the experiments 
conducted by Malvar and Ross [14] showed that the slope change occurs close to 1 s-1 instead 30 s-1, and they 
proposed a modified formula for DIF in tension as follows: 
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Where sH is quasi static strain rate = 1x10-6 s-1; log E = 6 2G  ;G = 1/ (1 8 ' )c cof f . The compression and 
tension DIF Eq. (2) and (3) will be used to calculate strength improvement in the LS DYNA concrete material 
model. 
3. Results and discussion 
The current parametric study includes various charge masses of 2.5 to 15 kg with 0.5 SoD, two types of steel 
sandwich cores (EASP type 1 and 2) and two different concrete materials (HSC 110MPa and FRHSC 110MPa). 
Typical displacement histories at mid-span are plotted in Fig.4. The EASP displacement curve seems to be the first 
to reach a steady state condition, with high energy absorption, contributed by the core design of the cellular steel 
sandwich layer present. The SCS yields in a lower permanent displacement than EASP but with a longer free 
vibration phase. The vibration may be increased due to the longer span of the panel. Further studies are needed for 
more in-depth performance comparisons. Fig.5 shows the maximum displacement of the panels when subjected to 
various blast charges for FRHSC and HSC materials. As can be seen from the graph, EASP exhibits lower 
maximum displacement compared to SCS for blast charges below 10 kg and RC for blast charges above 5 kg. The 
performance of the EASP and SCS panels seems to be quite similar. This could be attributed to the similar amounts 
of steel and concrete materials used.  
The contrast between EASP and SCS to RC displacement when subjected to high charges may be explained by 
the better material efficiency of both the EASP and SCS panels. Substantial deformation and spalling is observed in 
the RC panels with blast charges above 7.5kg with HSC materials (on the distal face). It shows that under intense 
impulsive loading, the ordinary reinforced concrete response is good up to the tensile limits of the concrete. For 
future validation, the deflection profile and failure modes of EASP1 and 2 will be compared to the results of on-
going experimental tests, which are not reported in this paper. 
 
Fig. 4. Displacement-time history of FRHSC with 10kg; 0.5m SoD blast. 
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Fig. 5. Maximum displacement values of all the panels subjected to various blast charges: (a) FRHSC; (b) HSC. 
The energy absorption quantification was calculated by integrating the area under the resistance-deflection (R-D) 
curve of each panel. The curve for the 10 kg charge and FRHSC material is plotted in Fig. 6. The total area below 
the R-D curves are then integrated to get the values of 44.6, 48.5, 24.3, and 28.6 kN respectively for the EASP1, 
EASP2, SCS and RC panels. The total areas under the curves show that the EASP panel exhibits higher energy 
absorption values than SCS or RC. This may explain the lower time duration of EASP free vibration response of the 
displacement-time history graph. 
 
 
Fig . 6. Resistance-deflection curve at 10kg, 0.5m SoD charge of FRHSC materials. 
 
 
(a) (b) 
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4. Conclusions 
This paper examined the performance of composite panels comprising a fibre reinforced high-strength concrete 
incident face layer and steel sandwich inner layer (EASP) for use as blast mitigation panels. The composite panel 
differs from conventional steel-concrete-steel sandwich structures because the concrete incident face of the EASP is 
not laminated with a steel plate to facilitate conventional casting processes. Moreover, the panel could be easily 
fabricated using commonly used laser cutting and welding machines, resulting in lower production costs compared 
to conventional SCS panels. 
The EASP performance compared to SCS and RC panels in high ductility-high-strength concrete (FRHSC) 
seems not to differ significantly when subjected to blast loads with Z values between 0.2-0.37. However, when low-
ductility-high-strength concrete (HSC) is used; the EASP shows a better performance than RC panel. This may be 
due to the brittle nature of plain concrete. It was found that overall, the EASP exhibits better performance than SCS 
for Z values > 0.23 and ordinary reinforced concrete for Z values < 0.26.  
Furthermore, higher material efficiency may be achieved due to the 33 % weight reduction compared to ordinary 
RC panels. The performance under dynamic loading is increased due to enhanced composite action achieved by the 
new design configuration combining concrete and steel in the EASP as designed. 
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